The Single Heater Test (SHT) is conducted in the Exploratory Studies Facility (ESF) to study the thermal-mechanical responses of the rock mass. A set of boreholes were drilled in the test region for conducting a scoping test of the coupled thermal-mechanical-hydrological-chemical (TMHC) processes. The holes for the TMHC tests include elecrncal resistivity tomography (ERT), neutron logging/temperatum, hydrological, and optical multiple point borehole extensometers. A 4-kW heater was installed in the heater hole, and was energized on August 26, 1996. Some observed movements of the water around the heater are associated with a possible dry-out region near the heater. The water that has been moved is more dilute than the in situ ground water, except for the concentration of Ca. This indicates that fractures are the major water pathways, and the displaced water may have reached an equilhiurn with carbonate minerals on the fracture surfaces. No mechanical-hydrological coupling has been observed. The tests are ongoing, and more data will be collected and analyzed.
Introduction Yucca Mountain Site Characterization Project (YNIP) studies the feasibility that Yucca
Mountain can be used as a potential repository for high-level nuclear wastes. The study includes pndiction of the quantity and quality of water in the near-field of a repository. The quality and quantity of water in the near-field of a qxxitory will affect the release rate of radioactive nuclides horn waste packages, and the transport of the nuclides through the rock mass adjacent to the waste package. The radioactive decay heat from the high-level nuclear waste may increase the temperature in the mck mass so that coupled thermal-mechanical-hydrological-chemical (TM.HC) processes may exist in the originally partially saturated Topopah Spring tuff, which is the host rock for the potential repository in Yucca Mountain. Modeling the coupled TMHC processes is necessary in order to predict the quantity and quality of water in the near-field environment for the entire life span of a repository, which is tens of thousands of years. In situ thermal tests are required to buildup the confidence level of the coupled TMHC models.
. ' The Single Heater Test (SHT) is one of the in situ thermal tests being conducted in the Exploratory Studies Facility (ESF) in Yucca Mountain to enhance the understanding of the coupled TMHC processes. The primary objective of the SHT is to investigate the thermal-mechanical responses of the Topopah Spring tuff in Yucca Mountain [l] . The scale and the configuration of the SHT are not appropriate for a complete full-scale study of the coupled TMHC processes.
However, it is used as a shake-down for in situ testing of the coupled TMHC processes. The heater of the SHT was energized to a full power of about 4 kW on August 26, 1996. The fullpower heating is planned to continue for at least 9 months. Then the heater will be turned off to start a cooldown phase of the test. This paper lqiefly describes the SHT, and reports the progress of the thermal-mechanical-hydrological-chemical part of the SHT.
Description of the SHT
The SHT is located off the Observation Drift at about 40 m from the Main Tunnel of the ESF, at about 2.8 km from the portal of the Tunnel [l] . As shown in Figure 1 , the heated block of the SHT is bounded by the Observation DrifL Thermal-Mechanical Alcove, and Thermal-Mechanical Alcove Extension. The test region was characterized by Lawrence Berkeley National Laboratory (LBNL). They found that the average initial saturation level in the pore volume of the rock mass was about 92Y0. They also found that the gas permeability within the block was not homogeneous, and ranges from 5 x 1015 to 5 x 10-12m2[21. One single electrical heater element was placed in a heater hole which was drilled horizontally into the heated block, at about the middle of the Thermal-Mechanical Alcove at about 1.5 m from the floor. The heater element is about 5 m in length. The heated portion of the heater hole staxts at about 2 m f+om its collar. The total power output of the heater is about 4 kW. F@re 1 also shows the borehole layout in the SHT. Borehole #1 is the heater hol~#2 to 4,8 to 14,19, and 28 to 41 are for thermal-mechanical studies conducted by Sandia National Laboratory (SNL). In addition, the following holes are for testing the coupled TMHC processex #15, 17,22, and 23 m for measuring temperature using resistance temperature devices (RTD), and neutron logging to map moisture distribution; #16 and 18 are for measurement of relative humidity, gas pressure, and testing waste package material and introduced material% #20 and 21 are for measuring concentration of chemical species (including pH, chloride, sulfide, dissolved oxygen, Potassiun calcium, sodium, oxidation/tiuction potential, and comosion potential) and fluid extraction; #24 to 27 are for using electrical resistivity tomography (ERT) to image 2-dimensional moisture distribution; and #6 and 7 are for measuring the displacement of the mck mass along the holes using laser (optical) extensometers. All of these holes are about 7.5 cm in diameter, and their total depths are shown roughly in Fig. 1 . Because the primary objective of the SHT is to detcmrtinethe thermal-mechanical responses of the heated block, the orientation, location, and total length of the TMHC holes were adjusted so that they do not impair the construction of the thermal-mechanical holes. The x, y, and z of the bottoms of these TMHC holes are listed in Table 1 . The construction of each type of the TMHC holes is described below. Elecrncal resistance is measured in each absorbing pad to indicate the wetness in it. When the measured resistance indicates that the pads reach a greatest level of wetness, the pads will be removed from the holes to extract the fluid for chemical analyses. The SEAMISTs are inflated to seal the holes during the test.
Packers rated for the expected temperatures in the rock mass were installed in the hydrological holes (#16 and 18). Due to constraints of bcnhole size, budget, and schedule, one 4-packer system was installed in each hydrological hole. Instruments to measure relative humidity, temperature, and gas phase pressute, and coupons of candidate waste package material and introduced material were mounted in the sections of the holes isolated by the packers. In order to seal a highly fractured portion near the collar of each hole, the outer packer in each packer system was placed within a short distance from the collar (14 cm for #16, and 23 cm for #18). Injection lines were installed in the packer system so that gas injection to determine hydrological properties, such as penneabdity, can be determined during the test. The packers me inflated during the test to seal the holes.
Electrodes for electrical resistivity tomography (ERT) were installed in the ERT holes (# 24-27). The electrode spacing is 30 cm. The electrodes were grouted in the holes. The cement grout was used to seal the holes and to improve the electrical contact between the electrodes and the rock mass.
Optical multiple point borehole extensometers (OMPBX) were installed in holes #6 and 7. A laser is used to measure the distance between anchors in the OMPBX. Two anchors were installed in each hole. The OMPBX will measure the displacement of the rock mass between the two anchors in each hole. As shown in Fig. 1 , Hole #6 is for measuring the displacement along the heater and hole #7 is for measuring the displacement perpendicular to the heater.
Test Procedures
One of the objectives of the coupled TMHC test is to determine the effect of heating on the hydrological, chemical, and mechanical processes in the rock mass. Therefore the baseline data before the heater is energized are integral parts of the test. It would be ideal that the ambient data be taken for at least two weeks to one month. However, due to a preset schedule of turning on the heater only one set of the ambient ERT and one set of the neutron data were taken, and the ," ambient temperature, chemical, hydrological, and mechanical data were obtained for only a few days. The heater was energized to a full power of about 4 kW since August 26, 1996. The fullpower heating will continue for at least 9 months, then if enough data during the heating phase have been obtained the heater will be turned off to start a cool-down phase. Within the first month of heating ERT and neutron logging were conductcxl about twice per month. Thereafter they have been conducted once per month. Temperature data using RTD, hydrological data (relative humidity and temperature from Humicaps, and gas pressure), and readings from the chemical sensors have been acquired every hour. The electrical resistance of the absorbing pads in the chemical holes has been measured occasionally. ,The displacement in the rock mass has been measured occasionally using the OMPBX. During the cool-down phase the data acquisition will be the same as during the heating phase. When the temperature in the rock mass decreases to about 5°C above the ambient temperature, the rock mass is considered to be cooled and at least one set of the post-test data will be collected. Then the packers in the hydrological holes will be removed and the candidate waste package material coupons and the introduced material coupons will be examined for evidence of any changes during the test. Overcomingof some of the holes to obtain core samples for determining changes in mineralogy/petrology that may occur due to rock-water interactions during the test. This paper reports data of the pre-heat phase and during the heating phase up to January 30, 1997.
The SHT Results and Discussion
As mentioned above, the SHT is on-going therefore, the results presented in this progress report are far from being complete. The analyses and interpretation of the test results are preliminary. The SHT results will be presented according to measurement types fiist, and an integrated discussion will be presented at the end of this section.
Temperature Measurements
Temperature in the rock mass is measured by RTD in Holes #15, 17,22, and 23. All of these holes were drilled perpendicular to the heater hole, at about the middle of the heated section (about 4.5 m fmm the collar of the heater hole (Hole #l). SNL also measures the temperature in Holes #8 to 14 using thermocouples. Among the SNL thermocouple holes, Holes #8 to 12 were drilled parallel to the heater hole, at various distances fmm it Holes #13 and 14 were drilled pczpendicular to the heater hole. Temperature is also measured by thermocouples in the SNL MPBX holes, Holes #2 to 5. However, because the SNL MPBX holes are not sealed (not grouted), the temperature measured in those holes maybe affected by the un-sealed borehole. Therefore the temperature results in the MPBX holes m not considered in the analysis. On November 25,1996 about 5.5 liter of water was collected from one of the packed-off sections in Hole #16. This packed-off section is about 2.13 m in length, and is the section closest to the heater in this hole. This hole was drilkxi from the Thermal-Mechanical Alcove Extension toward the heater with a 7.5 degree inclination (Fig. 1) . The water may have been driven away from the heater hole by the hea~and flowed through fractures that intersect with that 2.13-m section of the hole. The bromine content of the water is much less than that in the drilling fluid, indicating that the collected water was not contaminated by the drilling fluid. The collected water is chemically more dilute than the ground water at J-13 well (J-13 water), except for the concentration of Ca, which is the same as in J-13 water[31. This indkates that the collected water was condensed from vapor, and had flowed through fractures before it reached Hole #16. The water had not reached chemical equilibrium with the rock mass, except with the carbonate minerals on the fracture surfaces. More detailed chemical analyses will be performed on the water.
The absorbing pads in Hole #21 were removed horn the hole on January 8, 1997. Four out of the five pads seem to have absorbed significant amounts of water. The fluid in the absorbing pads will be analyzed later. The chemicals in the water from various pads will provide information about the variation of the water chemistry as a function of distance from the heater.
Hydrological Measurements
Relative humidity and temperature are measured by Humicaps, and gas phase pressure is measured by pressure transducers in Holes #16 and 18. The measurements were started on August 22, 1996. The temperature measured by the Humicaps agrees well with that measured by RTD and thermocouples. Figure 3 shows the relative humidity in Hole #18 as a function of time.
The Oday is when the heater was energized. Thq results in Hole #16 are similar to those in Hole In section 4 however, the gas pressure is greater than the atmospheric pressure and remains constant. The positive gauge pressure in section 4 may be due to the increase in vapor pressuw, the negative gauge pressures in other sections maybe due to condensation. The gas pressures in Hole #16 are more complicated the pressure in sections 1,3, and 4 are all negative; it is positive in section 2.
Thermal Mechanical Measurements
Optical MPBX were installed in Holes #6 and 7. Two anchors/reflectors were installed in each hole. A reference for the distance measumnent was installed at the collar of each hole. A fkacture near the collar of Hole ##caused a slice of mck about 15 cm thick at the collar of the hole to slide downward. This sliding made Hole #6 useless for the OM.PBX measurement. Figure 5 shows the result of the OMPBX in Hole #7 as a function of time. This result indicates that the rock mass between the two anchors has been expanding since the heater was energized. This is in agreement with the preliminary results from the SNL MPBX sensors in Hole #5, in which the outer anchors showed expansion in the dmtion perpendicular to the heater since the heating. However, displacement measurements by the SNL MPBX in the direction parallel to the heaters show variable results (expansion and contraction) in various locations from the heater.
Water Content Measurements
Two methods are used in the SHT to determine the spatial and temporal variations of the moisture content in the rock mass. They are neutron logging to determine the water content along boreholes, and ERT to determine the distribution of moisture content in two-dimensional planes.
The neutron logging is conducted in Holes #15, 17,22, and 23 (in the same holes as the RTD for measuring temperature). The ERT is conducted in Holes #24 to 27, as shown in Fig. 1 .
Because the neutron tool has not been calhapxl for the current borehole/iiner configuration yet, therefore the neutron counts are presented in here. Although the neutron counts do not show quantitative moisture content, they offer the same information of drying and wetting. Figure 2 shows the delta of smoothed neutron counts (the current minus the pre-heat). The neutron counts are smoothed using a five-point smoothing window, then the pre-heat smoothed counts (measured on August 21, 1996) were subtracted fkom the current counts (measured on January 30, 1997).
The zero on the vertical axis in Figure 6 shows the ERT image of the rock mass encompassed by Holes #24 to 27, as taken on October 25, 1997. The images shown in this figure are the ratio of resistivity on 10/25/96 to that on 8/22/96, the pre-heat data. Figure 6 shows that the resistivity ratio decreases from 1.0 (means no change) at the boundary of the imaged region to about 0.5 near the heater region. Also shown in Fig. 6 are circles approximating the temperatures as meast.ued on October 23, 1996. A decrease in resistivity in this case may be due to both increase in moisture content and increase in temperature, as reported by Roberts and Lin [51. The temperature information shown above will be combined with the laboratory determined Auionship between resistivity and temperature in the Topopah Spring tuff so that the temperature effect on the resistivity can be removed from the ERT images. Then the variation in moisture content can be calculated based on the ERT results. When this is done we expect to see a small region near the heater where the water saturation level maybe much less than the initial saturation level in the rock mass, i.e. a dry-out region. This is consistent with the neutron logging results.
In summary, the preliminary results of the coupled TMHC responses of the heated rock mass indicate that the heat dld move the moisture about the heater hole. As mentioned above, the primary purpose of the SHT is for testing thermal-mechanical responses of the rock mass. In order to avoid interference with the thermal-mechanical holes, the boreholes for the coupled TMHC processes were not located near the heater hole. So far a small dry-out region may have been created around the heater. The water that has been relocated by the heat is more diluted than the J-13 water, and may have only reached chemical equilibrium with the secondary minerals on the fracture surfaces. The thermal-mechanical measurement results are not conclusive enough for assessing thermal-mechanical-hydmlogical couplings. A complete analysis of the data will be conducted when the heating phase of the testis completed. The resistivity ratio is with respect to the pre-heat data on August 22, 1996.
